Pulsed laser probing using Moiré deflectometry and Normaski interferometry was performed simultaneously to diagnose the electron density in a wire z-pinch plasma. The Moiré deflectometer has a higher sensitivity while the Nomarski interferometer is able to probe higher densities. The advantages of each technique permitted us to measure a wider range of densities. This includes the low-density coronal plasma with density of an order of magnitude lower (10 16 cm −3 ) than that which can be measured by interferometry. Furthermore, our optical probing presents a low response to mechanical vibrations as it is not necessary to use a separate reference beam as in a Mach-Zehnder interferometer. The experiments were performed on a 160 kA current generator at Imperial College, London, for three different discharge configurations in order to study the initial resistive heating stage of the wire z-pinch.
Introduction
The linear z-pinch in which a current-carrying plasma column is confined by an azimuthally self-generated magnetic field has a number of potential applications [1, 2] , such as VUV and XUV radiation sources for microscopy and lithography [3] . The plasmas produced in z-pinches vary in density from lowdensity coronal plasma to solid density in the core. The coronal plasma is important because a large fraction of the current flows through it, whereas the high density core is also important since it allows us to produce x-ray radiation useful for applications. Investigations on low-density plasma are limited due to the sensitivity of the optical probing techniques. Over the years, several laser probing techniques have been developed and used to diagnose these plasmas [4] [5] [6] [7] [8] [9] [10] [11] . Most of these techniques are sensitive in the density range 10 17 -10 18 cm −3 . However, the coronal plasma density extends to several orders of magnitudes lower than these values.
In this paper, we discuss measurements with two different optical techniques to obtain electron density profiles of z-pinch plasmas. These are Moiré deflectometry, which gives information of electron density gradient, and a Nomarski polarization interferometer, which gives information of electron density only. These techniques were applied first on laser produced plasma experiments separately [12, 13] . The condition of radial symmetry may be well approximated in cases of exploding wires, arc discharges and laser induced plasmas [14] . The interferograms and deflectograms are interpreted with the assumption that the probing rays are straight within the medium under study, and the refractive index n will be estimated by the Abel inversion technique. This paper reports the first time that a Moiré deflectometer and a Nomarski interferometer are used simultaneously on wire z-pinch plasma.
A pulsed power current generator with a prepulse generator unit were used to drive the z-pinch produced from bare and insulating (plastic) coated copper wires. Three different types of discharges were investigated: (i) only prepulse; (ii) only main pulse and (iii) main pulse with prepulse together (∼150 ns before the main pulse). It is important to point out that the prepulse current was used to ionize the wire surface before the main current pulse. Furthermore, using the fact of a high dynamic range of our instruments to measure electron density, we are able to obtain quantitative information about the low-density coronal plasma that is created as a result of the skin current ablation of the wire surface at the early time evolution of the z-pinch discharge [15] [16] [17] .
Experimental set-up and probing techniques
The current generator consists of a Marx bank (MB), a pulse forming line (PFL), a self breaking SF 6 switch and a matched transfer line section (TLS) (similar impedance and transit time that the PFL). The MB consists of eight 700 nF, 100 kV capacitors, which were charged in parallel up to 60 kV. The output voltage of the MB, V MB , is taken out through a polythene diaphragm to the water filled cylindrical PFL, with an impedance, Z, of 4 and 40 ns single transit time. The water is de-ionized to a resistivity greater than 10 4 m. The inner line is supported at both ends by polythene diaphragms. The capacitance of the PFL, C PFL , is given by C PFL = τ/Z, thus C PFL = 40 ns/4 = 10 nF. In order to get an effective voltage transfer, the capacitance of the PFL, C PFL , must be smaller than the capacitance of the MB, C MB . For our MB this condition was satisfied, because C MB = 87.5 nF. The peak value voltage into the PFL, V PFL , is given by V PFL = 2C MB · V MB /(C PFL + C MB ) , where V MB = 480 kV (for a charging voltage of 60 kV) and C PFL = 10 nF. For these values we get V PFL = 860 kV, exceeding V MB by 80%. This is referred to as the ring-up effect [18] .
Once the Marx generator is discharged into the PFL, the stored energy is then transferred to the TLS through a selfbreak SF 6 filled switch, which is mainly used for shaping the current pulse. This switch was calibrated to break down at 70% of the PFL peak voltage (V break = 600 kV), yielding a jitter of about 5 ns. The TLS, whose characteristics are similar to the PFL (4 , 40 ns) is used to isolate the pinch from the switch inductance, improving the current rise time. Due to its right-angle design, it introduces an additional inductance of about 20 nH [18] .
The capacitor bank was charged up to 60 kV, to deliver a current pulse to the load of about (150-160) kA with a (10-90%) rise time of 70 ns. The complete sequence (Marx discharge →PFL → self-break switch → TLS) takes approximately 600 ns.
A small Marx generator capable of generating an oscillatory current of 10 kA was attached through the TLS; see [18] for more details. The current output from it is launched to the load (wire) before the main pulse. Figure 1 shows a typical current waveform recorded using a Rogowski coil. Specifically, for this case, a prepulse (output from small Marx generator) was launched 156 ns before the main pulse for a bare copper wire z-pinch. According to [17] , the prepulse produces a strong effect over the dynamic of the pinch when it is launched with a delay time ranging from 150 to 300 ns with respect to the main pulse. A pulsed ruby laser (70 mJ at λ = 694.3 nm) with a pulse duration (FWHM: full width at half maximum) of 7 ns was used as light source. The wire z-pinch plasma probed was magnified and imaged onto a charge coupled device (CCD camera), whose chip has a resolution of 27 × 23 µm 2 (1 pixel size) and an effective area of 8.6 × 6.5 mm 2 , it permits to capture images of 2.54 mm length of the z-pinch plasma, which represents 13% of the total wire length. (The experiments were performed using 20 mm long copper wires.)
Two different optical techniques were used simultaneously to determine the electron density in the coronal plasma, which are described below.
Moiré deflectrometry
Moiré deflectometry is a technique that maps the deflection of a collimated beam as it passes through the test object [13] . This deflection is proportional to the refractive index gradient transverse to the optical path. Other techniques used to measure density gradients, i.e. schlieren and shadowgraphy, are limited to qualitative observations. The practical distinction between these techniques is that schlieren is sensitive to the first derivative of the refractive index, while shadowgraphy depends on the second derivative of it. Both techniques can be very effective in delineating discontinuities and overall visualizing of plasma configurations; but quantitative evaluation is difficult and generally requires further specialized arrangements. For this reason some authors [11, 13, 14] consider Moiré deflectometry as a refinement of the schlieren technique, permitting quantitative measurements of transverse gradients in the object's refractive index.
The Moiré pattern is in the form of a series of straight parallel equidistant fringes, separated by p = p/θ, where p is the ruling pitch of the grating and θ is the angular rotation between gratings G 1 and G 2 (see figure 2(a)). In a z-pinch plasma the density gradient is mainly radial, thus the laser beam is passed transversely to the pinch axis. To facilitate interpretation of the fringe distortion, the fringes are aligned perpendicular to the pinch axis. If the z-axis is along the pinch and the y-axis along the laser, as shown in figure 2(b), then a deflection ϕ in the x-z plane will produce a fringe shift
Thus, as the light passes through the plasma, the rays will experience a deflection ϕ:
where n e is the electron density, n c = 1.11 × 10 21 /λ 2 µm (cm −3 ) is the critical electron density (λ µm is the laser wavelength in micrometres) and d is a longitudinal element along the optical path, assumed as y direction. The plasma is also assumed underdense (n e n c ). Thus, for an object with axial symmetry, ϕ can be rewritten in cylindrical coordinates as follows [19] :
Equation (2) is an Abel integral equation, where n o = 1 (vacuum refractive index), whose inverse transform, equation (3), gives us a solution for the electron density n e :
where dx is a longitudinal element perpendicular to the direction of light propagation. n e n c The deflection, ϕ, distorts the Moiré pattern and from it, the electron density can be obtained. Thus, the deflection information can be used in an Abel inversion directly. By contrast, for interferometry, we need to do first the derivative of the fringe shift before Abel's inversion, introducing errors in the final numerical calculation.
Since the relative fringe shift, α = h/p = ϕ(d/p), is fixed by measuring of minimum deflection angle that can be detected, then it depends on the ratio of distance, d, between gratings to the ruling pitch of grating p.
Several factors determine the visibility of Moiré fringes. These are the spectral width of the laser, the beam divergence, the size of the beam relative to the ruling pitch of grating and grating imperfection [20, 21] . In addition, if the second grating is located at a Talbot plane [21] , then the fringes have maximum contrast. Indeed, if the second grating is midway between the Talbot planes, the fringe pattern is totally blurred.
The Moiré deflectometer set-up that we have developed for wire z-pinches is shown in figure 3 . After emerging from the plasma, the laser beam is telescoped down with lenses L 1 (50 cm) and L 2 (30 cm), where the Telescope's Magnification is M = f 2 /f 1 . The lenses are separated by the sum of their focal lengths and the plasma position is at the focal plane of L 1 . The plasma image, at the focal plane of L 2 , is in front of the first grating G 1 (p = 33 µm). The first order diffracted by G 1 is passed at normal incidence through the second grating G 2 (p = 33 µm) to produce the Moiré pattern. The distance between gratings was d = (123.2 ± 0.2) cm. A circular aperture (3 mm) is placed at the focal distance from L 3 (60 cm) and adjusted in order to select the zero order of light coming through G 2 . The lens L 3 images the plasma onto the film. Therefore, by using L 3 we can compensate the image reduction that was introduced in the system by the telescope. Care should be taken to ensure that the image of the plasma produced by the telescope is in front of the first grating. It is important to point out that by operating only with the first order of diffracted beam produced by the first grating, blurring of the Moiré fringes due to the Talbot effect is diminished.
The minimum plasma-density that may be measured by Moiré deflectometry is estimated from (4)
where ϕ min = (1/8)p/Md (assuming a detectable threshold of one-eighth of a fringe shift for a Moiré pattern) and λ (in cm) is the laser wavelength. For our experimental set-up we get n e/ min = 2.6 × 10 16 cm −3 . In addition, if we assume an average value of the density gradient over the integrated optical path, OP, then the deflection ϕ for the ruby laser becomes ϕ = −2.2 × 10 −22 ( n e / x) · S. This relation permits us to calculate an estimate of the minimum detectable electron density gradient of ( n e / x) / min = 6.4 × 10 17 cm −4 (assuming OP ≈ 400 µm).
Nomarski polarization interferometer
This interferometer makes use of the fact that the radial dimension of the fibre z-pinch is small relative to the size of the laser beam. Thus, the undisturbed part of the beam that does not pass close to the plasma can be used as a reference beam. It is done outside of the pinch chamber using a Wollaston polarizing prism, as a shearing element. It was first used on laser fusion experiments [12] . As well as in all conventional interferometers, a set of background fringes are produced, and are used as a reference to determine the phase change introduced by the plasma.
The electron density profile can be calculated using (5), for a relative fringe shift φ.
Thus, knowing the fringe shift φ, which is a form of the Abel equation [22] , we can use the Abel inversion function to calculate the electron density, see (6) .
The optical layout of this interferometer is shown in figure 4 . The polarizer P 1 ensures that the polarization of the incident (collimated) beam is at 45
• . The lens L (56.6 cm) focuses the beam so that a divergent beam with spherical wavefront is produced. As the beam passes through the quartz Wollaston prism, it is split into two beams with an angular separation ε, one horizontally polarized, the other one vertically. These two polarized and spherically diverging beams appear to come from the point sources S 1 and S 2 at the focal plane of the lens L, separated by S d = lε, where is the distance between the prism and the focal plane. A second polarizer P 2 , orientated perpendicular to P 1 , ensures that both emergent beams have the same intensity, thus producing fringes with a high contrast.
The fringe spacing is given by the following relation: s = (λ/ε)(z/ l), where z is the distance from the prism to the image plane. The previous relation tells us that changing the position of the prism then changes the fringe spacing. Each spherical wave produces an image of the plasma. The separation of these images is D = εz. It is important to point out that, to produce only an interferogram, the two interfering waves must overlap in a region where only one of the plasma images is located (see figure 4) . By contrast, when it is not the case, two complementary shadowgrams are produced. For our experiment we got the following values: ε = 27.2 mrad; l = 6.7 cm; λ = 693.4 nm; z = 64.4 cm and f = 56.6 cm, consequently we have:
It is important to make sure that the two images do not overlap, i.e. D > 2r p , where r p is the pinch radius (r p/ max ∼ 0.2 cm). It can be shown that the condition εf > r p must be satisfied. Therefore, the angular separation, ε, must be selected carefully, because from it and f of the image lens we can assure a good functionality of this interferometer. Figure 5 shows a set of photographs recorded simultaneously for 10 µm copper wire at 90 ns after prepulse start, using a Moiré deflectometer and a polarization interferometer. The main current pulse was not used for this shot. Both pictures ( figure 5(a) ) show a uniform expansion of the coronal plasma diameter up to 360 µm and 300 µm, respectively, along the length of the column. The electron density decreases sharply as the radius increases. Figure 5(b) shows the electron density profiles obtained after Abel inverting the information from the deflectogram and the interferogram, respectively. The density profiles were calculated at the same axial position of the plasma column shown as Z 1 and Z 2 in figure 5(a) . The central region that we will call inaccessible region is either due to the absorption of light or to a large density gradient. From the Moiré deflectogram, a maximum value for electron density of 4×10 18 cm −3 was obtained at a radius of 10 µm, and a minimum value of 1 × 10 16 cm −3 at 180 µm (see figure 5(b) . The interferogram shows the maximum and the minimum electron densities ranging from 7×10 18 cm −3 to 1×10 17 cm
Experimental results and discussion
at radii of 8 µm and 150 µm, respectively. As before, both density profiles were calculated at the same axial position. Similarly, figure 6 shows a deflectogram and an interferogram for 15 µm coated copper wire taken at 85 ns after the prepulse start ( figure 6(a) ). In this case, the coronal plasma expansion was 320 µm and 220 µm, respectively. We did not observe any inaccessible region for the interferogram. By contrast, the Moiré picture showed a thicker core of 160 µm. Figure 6(b) shows the density profiles obtained after Abel inversion of the Moiré deflectogram and the polarization interferogram, at the same axial position. From these profiles, we can see that the simultaneous interferometry and deflectometry allows us to measure densities in the range from 1 × 10 16 to 1 × 10 20 cm −3 . In addition to density profiles, we can obtain an estimate of electron temperature into the coronal plasma from the ion sound speed, c s = 9.79×10 3 (γ ZT e /µ) 1/2 (m s −1 ), where γ is the specific heat ratio (γ = 5/3), Z is the average ionization, µ is the ratio of ion mass to proton mass and T e is the electron temperature in eV. Expansion velocities of 3.1 × 10 3 m s −1 and 4.0 × 10 3 m s −1 were estimated (from figures 5(a) and 6(a)), for coated and bare wire, respectively. For these values we obtained temperatures of 6.3 eV and 3.8 eV, respectively.
A comparison of Moiré pictures of coated and bare copper wire z-pinches shows that the insulating coating (plastic) produces a core region uniform along the z-axis. This core region cannot be probed optically; it may be due to either refraction or absorption. With the purpose of discerning how this core is formed, we first consider the case where refraction of laser beam is neglected. Thus, the light absorption by plasmas at densities above cut-off is the cause of our observation. The light absorption is given by I = I o e −κ , where κ is the absorption coefficient, see (7), and is the plasma column thickness. The absorption coefficient, also known as inverse bremsstrahlung absorption coefficient, is given by [23] :
where T e is the electron temperature in eV, Z is the average ionization, ω is the laser frequency, ω p is the plasma frequency, n e is the electron density in cm −3 and ln is the Coulomb logarithm. The Coulomb logarithm varies only slightly with the plasma conditions and was taken to be 10 for these calculations. Assuming = 0.03 cm we find that for κ > 1, the electron density must satisfy the condition n e > (8.9 × 10 18 )·(T 3/2 e /Z) 1/2 , where the absorption of laser light becomes significant as a function of temperature for a variety of Z. A value of 11.2 eV was inferred for the temperature of the central column, assuming a ballistic expansion for each component at its initial thermal velocity. Thus, the critical electron density is n cr = 5.5 × 10 19 cm −3 . This density value is lower than the critical one for our optical system. Hence, we can assume that the core observed is due to the refraction not absorption.
In addition, we can determine whether the wire was fully ionized by calculating the total number of electrons per unit length N l from integration of electron density n e . Where N l = 2π 18 m −1 . From these results we can infer the ratios of vaporization measured by both diagnostics. Where for bare wire we have 16.7% (interferometry) and 14.1% (Moiré), respectively, and for coated wire 34.3% (interferometry) and 6.6% (Moiré), respectively. Sinars [24, 25] and Min Hu [26] reported (using different discharge parameters) different values for the ratios of vaporization for copper wire (bare and coated). In our experiments, the electron densities calculated from the polarization interferometer were higher for coated wire; it is in agreement with [24] [25] [26] .
If we compare figures 5(a) and 6(a) we see that the density profiles obtained by Moiré show a clear difference for each wires type. We can observe for a coated wire the existence of a plasma column of 160 µm diameter, which is characteristic of a greater deposition of energy in it. In agreement with [25] , the existence of insulating coating on wire produces a greater core expansion, which is related to an increase in the energy deposition in the wire during the first phase of the current discharge.
Finally, in figure 7 , we show a qualitative difference from Moiré picture for shots with and without prepulse using both coated and uncoated wires. Figure 7 (a) shows discharges using coated wire taken at 32 ns (laser time) after main current start. For shots without prepulse, a uniform and thicker core region (∼200 µm) was observed. For this case it was not possible to measure any fringe shifts. By contrast, for discharges with prepulse (150 ns before the main pulse) a coronal plasma of 220 µm diameter with a density gradient of (∇n e / x) = 5.2 × 10 18 cm −4 along axis was measured. Also, a core region of 170 µm diameter was observed. Here it is important to mention that the main current value was about 100 kA at that time when the prepulse was launched. Regarding bare wire, figure 7(b) shows discharges at 30 ns after the main pulse. A core region with a diameter of 110 µm was observed, which is thinner than for coated wire. This characteristic was also reported by [25, 27] . For this case, we did not observe any fringe shift in the Moiré pattern. But, using a prepulse (170 ns before the main pulse), a uniform fringe shift is observed, which is smaller compared with the case for coated wires. For this case, an electron density gradient of (∇n e / x) = 2.6 × 10 18 cm −4 was estimated.
These observations clearly show that the prepulse and a thin layer of coating can significantly change the energy deposition and expansion of the coronal plasma, which may be useful for wire array z-pinch experiments.
Conclusion
In this paper, for the first time, we have made a direct quantitative comparison of two optical techniques, i.e. the Moiré deflectometer and the polarization interferometer. Both techniques employ a few standard optical components to produce optical images with a spatial resolution of 20 µm. In addition, neither requires a very coherent light source. This means that broadband sources or very short laser pulses can be used.
For both instruments there is a region of the plasma near the core which is inaccessible due to steep density gradients. To probe into this region it is necessary to use shorter wavelengths, which is managed relatively easily by the deflectometer.
Also, these instruments have two important parameters, which limit their measurements. They are resolution, which depends mainly on the minimum fringe shift that can be resolved, and image quality that is directly related to contrast of fringes pattern.
Interferometry is suitable for plasmas configurations with low-density gradients. For plasma with a large density gradient, this technique is limited and can produce erroneous information about electron density.
By contrast, Moiré deflectometry has a very important advantage over interferometry, the fringe shifts observed with this instrument are directly related to the density gradient into the plasma. This feature of Moiré deflectometry permits us to get less uncertainty in the electron density measurements, when we are studying low-density coronal plasma (10 16 cm −3 ), than for interferometry.
